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Abstract— This work discusseghe role that in-situ spec-
troscoyy playsin remotesurfaceoperatimsandhow effective

visualizationof spectracanbenefitplanring. We begin by

discussindhow spectroscpy wasusedin the MarsPathfinder
missionandfield trials with a prototype of the Mars Explo-

ration Rover, payirg closeattentionto shortconmgsin visu-

alizationthathamperscienceplannirg. Next, we will intro-

ducetwo methalsfor improving visualization of spectrahat
will be usedduring the Mars Exploration Rover 2003 mis-

sion: imagecubesanddatafusion. Imagecubesview a col-

lection of spectraasa hyperspectraimageandallows spec-
trato be enhancedusingimageprocessingalgofithms. Data
fusion placesspectraldatain the context of a corventioral

imageby overlaying an image cubeslice onto animageof

theterrain. We demanstratethesetechriqueswith exanples
of imagecubesanddatafusionusingdatafrom FIDO rover

field trials. We corcludewith adiscussiorof future directions
for thesevisualizationmethod.
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1. INTRODUCTION

It is amguablethatin-situ spectrgcopy is the mostimportant
scientific datathat is retumed from a planetaryrover mis-

sion. Analysesof the spectroscpy datareturred from the
Pathfinde missionrevealed a plethaa of new information,

suchasthe differing compgsition of rocks nearthe landirg

sitefrom Martianmeteoritesound on Earth. Now thesedata
arebeingcompaedto datafrom orbiteis suchasMarsGlobal

Sunweyor to locatethe mostscientifically lucrative sitesfor

landingthe next plandary rover missions the two Mars Ex-

ploration Rovers (MER), to belaundedin 200B. In this mis-

sion, two roverswill traversethe surfaceof Marsto search
for signsof pastor presentife suchasaqueosly-depaited
minerals.

Mission opemationsduring Pathfinde allowed spectroscop
analysigo bedore by visualizingthe dataassimpleplots,as
shavnin Figure 1. Theseplotsareaconvenientvisualizatio
of asingleobseration,andwereappopriatefor the 28 total
spectrathat were retuned from the mission[1]. In future
rover missionsmast-baedpointing spectroneterswill retun
thousands of spectralobsenations, and bettervisualization
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Figurel. A spectrunchartof APXS dataof therock Yogi
from the Pathfindemission.

moddities arerequred to suppet the demaring daily cycle
of opertions.Mast-mountedspectroscpy of targetsfarfrom
therover will needto be quickly analyzedo planlong rover
traversesover multiple daysduringthe missionto maxinize
scienceaeturnandachieze missiongoals.

In this work we will begin with a brief descripion of rover-

basedspectromters. We will thenintroducetwo new spec-
troscoyy visualizationtechniaiesthatwill beusedduring fu-

turerover missions:imagecubesanddatafusion. Lastly, we

summaize thework andbriefly mentionfuture directiors in

datavisualizationfor opemtionsandplanring.

2. ROVER-BASED SPECTROMETERS

Like orbital spectroreters, spectroscpy instrumeis must
meetstringen footprint, mass,and power restrictions. Re-
centadwncesin this areaof techndogy have producedan
impressie arrayof availableinstrumemationthatmeetghese
requiementsandreturrs superio datayield comparedto pre-
viousmissions.We will now describeseveralof thesenstru-
mentsin moredetail.

The Miniature Thermal EmissionSpectroneter(Mini-TES)
will be usedduiing the 2003MER mission[2]. The Mini-
TESinstrument is a Michelsoninterfeecometemwith a spectral
resolutionof 10cm~1! overarangeof 5 to 29 um. Its field of
view is selectableaseither8 mrador 20 mradby afield stop
in the apertue thatis activatedby a solendad. A scanniig
mirror assemblyariesthe optical pathof the spectroreter
allowing spectrato be sampledalong 360° in azimuthand
between50° and+30° in elevation SincetheMini-TESisa
pointing spectroneterlocatedon the PancamMastAssembly
(PMA), it canbeusedo identify interestingsciencdargetsat



a distancefrom the rover aswell aslocationsnearthe rover.
Typical Mini-TES usageduring themissionwill involve sam-
pling gridsof thousads of spectrgperday

The MER instrunent arm will carry two spectrorgters:
the Alpha Particle X-Ray Spectromter (APXS) and the
MossbaueBpectrometef2]. Thesespectrometerwill make
contactwith Martian soils androcks to make mineralogcal

analyses. The APXS is capableof deternining the abun-

dance®f almostall rock-forming elementsAs its nameim-

plies, the APXS canbe dynanically configuedto emit and
samplealphaparticlesand/orx-rays. Thex-ray sensingnoce
is sensitveto relatively heary elemenslike Al, Si, K, Ca,Fe,
Na, P, S, Cl, Ti, Cr, andMn. Thealphamock is sensitve to
lighterelementsuchasC andO. This APXSwill have simi-
lar capaliities to the onethatwasusedduring the Pathfinder
missionto samplethe composition of atmosphee, soils,and
rockssuchasBarnacleBill andYogi. Therehavebeenseveral
improvemeits to the instrumentsincethe Pathfinder mission
[3]. Themostnoticealte differenceis thatthereis no Protam

emissiormodein thenew APXS. SincePathfincer, the X-ray
sensitvity andspectrakresolution of theinstrumant hasbeen
increasedo make the protan mocde unrecessaryin addition

referercetarges ontheroverwill allow in-situ calibraion of

the APXS during the mission. Extersive pre-flight calibra-
tion will be corductedto redice sensitvity to electromag
netic interfererte and Mars ambientcondtions. The other
arm-nountedspectrometeithe Mdssbaar, is well-suitedto

identify ferrous mineralsthat are difficult to detectwith the
APXS. It emitsganmaraysfrom its vibrating >? Co radiatian
sourceandclassifieaminerlsbasedn thevibrationvelocity

of the sour@ whencourting the raysthat arescattereack
to theinstrunent.

Someof theresultsin thiswork arebasedndatafrom theln-
fraredPointSpectroneter(IPS)during the MER-FIDO 2001
field test(FIDO is a pratotype Athenaelassrover developed
atthe JetPropusion Labomatory) The mast-moutedIPSis
sensitve to aqueusly-cepositedmaterialssuchasclaysand
carbmatesaswell asigneais minerds. It samplesthe in-
frared spectrumfrom 1.3 to 2.5 micrors at 8 nm resolutian
andrevealsminerl conten by sensinghereflectionandab-
sorptionof theinfraredenegy [4].

3. IMAGE CUBES

Imagecubesoffer a superiorvisualizationmodaity to view-
ing individual spectrun plots. An imagecubeis a hyperspec-
tral imagethatis construtedfrom a collectionof spectrahat
aresampledn areguar grid in azimuthandelevation. Figure
2 shaws the layout of animagecubeof datafrom the Mini-
TESspectroneter Thehorizontaldimersionis azimuth,the
vertical dimensionis elevation andthe depthdimensim is
wavelengh. An imageof aparticuar wavelengthof radiarce
(in azimuthandelevation) is formedby intersectinga plane
with the cubethatis norma to the wavelendh axis. Images
in wavelendh-elevation or wavelendh-azimuthcanalso be
producedby takinga nomal planeof the cubeto theazimuh
or elevation planes,respectiely. The dottedlines delineate
theedge of thecubeandthe solid line nomalto the planeis

theinteractve cursor

By examinirg imagesin the cube at wavelengtls of inter-
est,it is possibleto identify oneinterestingspectrm out of
thousadsin afew seconds.Theimageplanein the cubeis
rendeedin a 3D userinterfaceand canbe quickly scrolled
throwgh the availablewavelendhs. Whenan interestingim-
ageis found, theanalystselectsary pixd in theareaof inter-
estto prodice a spectrunplot at thatazimuthandelevation

Standardmageenhargementalgorithns like sharpeing or

contrast stretchingcanbe usedto make a givenimageeasier
to interpret. Falsecolor imagesare prodicedfrom images
atdifferentwavelenghsto allow color codng of information
for fasterdataanalysis.

4. DATA FusION

A new and very powerful techniqe for visualizing spec-
troscoly datais overlayingimagesof spectroscpy dataonto
corventioral imagesfrom a navigational camerapr datafu-

sion. The 3D positionsof eachpixel in ahyperspectraimage
fromanimagecubearecomputedandprojecta backthrough
thecameramocel of anavigational cameramageto createan
overlay of colorcodedspectrumdataon a corventioral im-

age.

Oneof theadwantagsof this mode of visualizatio is in sav-

ing time. During missionscienceplaming, a large part of

spectroscpy analysisinvolves verificationof the locationof

the target that was sampled. During the 2001 MER-FIDO

field test,the IPS pointing spectrometewas usedto collect
spectroscpy dataon targetsof interestfar from the rover to

plantraverses.The prablem of verifying thelocationsof the
IPStamgetswasdifficult becasenavigational cameramages
that were boresigted with the spectraneterwere not avail-

ablein time to plannew rover actiities. As aresult,the most
curren spectroscpy datacould not be usedto planthe next

rover operatim cycle during the test. Datafusionwill allow

existing imagesto be usedto validae the pointing of spec-
troscoyy targets by visualizing the co-registration of these
data.

Algorithm

Datafusionis avisualization of co-registeredmages Forary

two imagestheremustbea mappng from a pixel locationin

oneimageontoa pixel in the secondmage. We assumehat
for ary imageto befusedontoasecondmagethereis arange
mapor othersimilar 3D positioninformationavailableateach
pixel of thefirstimage We alsorequre the availability of a
cameranodée for thecamerahatcaptuedthesecondmage.
Giventhesenputs,the geneal algorithmfor datafusionis as
follows:

1. ForimageA to befusedontoimageB:

(a) DefineanimageC thatis thesamesizeasimageB and
thesamenunberof band asimageA.

(b) For every pixel p,, in A (whereu,v indicate image
planecoadinates):



Figure 2. Orthogaphicview of animagecubeof datafrom the Mini-TES spectromete Theimageplaneshavn hereis in
the azimuth-¢evation oriertation. The dottedlines delinede the cubeedgesandthe solid line normalto the planeis the
interactve cursor

i. Transfomthe3D pointP, , . correspadingto pixelp,, ,
to the coadinateframe of the camerathat captued B, the
transfomedpointto bedended P, , ..

ii. ProjectP, . .» through the camea modé of imageB
to theresultingimageplanecoordnatesp,, ..

iii. If pixel py . lies within the bownds of image B then
assigrpixel p, ,» in imageC' thevalueof p,, , in imageA.

If for ary pixel in thefirstimagethereis no 3D positionavail-
able (asin the caseof a sparserange map) thenthat pixel
will notbeoveiaid. Thelarger aregion of missing3D posi-
tion data,themore noticedle of aholein theresultingimage
overlay will beobsened. Anotherimplicit assumptioratstep
1(bXi) is thatthetwo imagesto befusedmustthemselesbe
co-registered,.e. thepositiors andoriertationsof their cam-
erasrelative to eachothermustbe knowvn. We shawv how this
is accomfishedusingCAHVOR cameramockls in the next
section. If the pixels of the two imageshave differentfields
of view this createsa scalingprobdem for the visualization

thatis whenonepixd of thefirstimagemapsto mary pixels
of thesecondor vice versa.This canbehandlel in anumter
of ways,suchasaveragirg multiple pixelsthatmapto one,or
usinginterpdation to createa smoothimagewhenonepixel
mapsto mary.

Camer ModelBadk-projection

CAHVOR cameramodds [5] [6] were designedto make
transfomationsfrom 3D pointsto 2D prgections(and the
reverse) fastand simple. Figure 3 shows a diagran of the
CAHVOR cameamockl. All of thevectos in themodel are
specifiedwith respecto the world coordirate system(not a
cameraeentric coordnate systemasin mary othercamera
modds). Cis avecta pointing from the origin of anexterral
coordnate systemto the first principal point of the camera
lens. This representsthe position of the camerarelative to
somemeanindul coordnatesystemin theworld, suchasthe
coordnate frame of a rover, or of a site on the terrain. i is
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Figure3. lllustrationof the CAHVOR cameamodelasit relateso theworld coadinateframe,opticalpath,andimageplane.

aline sggmern from the secondorincipal point of thelensto
theimageplane pergendicdarto it. @ is avectorparallelto i
andpointinginto the scene.This represets the pointing ori-
entationof the camerawith respecto the exterral coadinate
frame. i/ andv’ arevectos thatlie parallelto the horizon-
tal and vettical image coordnate systemaxes and have the
samemaqiitudeas: (assumig thatthe medium is the same
on bothsidesof the lens). Thesevectorsarenot necessarily
perpendicular & is a vectorparallelto the optical axis and
pointing into thescenewhichis equivalentto @ if theoptical
axisis pergendicuar to theimageplane[6].

Radiallensdistortionis alsoa partof the CAHVOR camera
modeé. This distortionis modeledby a polynomial definel
relative to theopticalaxisa (to maleiit radial). For aparticu
lar 3D poirt p;, this polynomialis of theform

i = po + prTi + pati + ... 1)

Wherep; is a proportionality coeficient, the p's arethe ra-
dial distortion coeficients, andthe r’s arepropationalto the
squareof \;, theperpewliculardistanceof p; from theoptical
axis[5]. Theeffed of distortionis writtenas

P = Ppi + i (2

Wherep] is the appaent positionof the actualpoirnt p;. To
compete the compuation of p} from the camea modelvec-
tors,we usethefollowing additinal equdions:

w;=(pi—c)-o 3)

Ai =p; — ¢ —wjo (4)
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D)
wj

®)

T =

Themappig of a3D positionto its 2D prgection(i,j) is then
writtenas

(pi—c)-h

i P ©
. (pi—c)-v
Al P "

Thevectos i and# arethe horizontal andverticalvectoss of
the cameramodel,derived during camea calibration They
arerelatedto &/ andv’ in thattheir projectiors ontothe im-
ageplaneareequalto R andv’, respectiely. Thecompete
CAHVOR cameranodelconsistof thefive vectorsC, a, h,
v, o, andtheradialdistortioncoeficierts pg, p1, andp,.

5. RESULTS

To demanstrateimagecubesand datafusion we will visu-
alize IPS datawith Navcamimagey taken during the 2001
MER-FIDO field test. One particdar obsenétion that was
madewasa 3 by 3 grid of spectraof a rock dended “sol1-
aarori thatresultedrom thefirst dayof scienceplanningand
operdions. Thesequencexecuedontheroveracquieda 3
by 3 grid of spectracenteredon the designatedarget, and
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Figure4. IPSspectrunof targetsoll-aaonduring the 2001

1480 1688 1880 e\oa ezoa
Uavelength (nmd

MER-FIDOfield test.

Figure5. IPSfalsecolorimageof target soll-aaon. Red,
green andblue indicatethe averag radianceover the
rangel500-18)0, 200-2200, and 2201-2400, respec-
tively.

Figure 6. Navcamimageof tamgetsoll-aaon with 3 by 3
IPSfalsecolor spectrun grid overlaid at 100% opacity
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takenwith 1 degreehorizantal andvertical spacingbetween
obsenations. An analysisof the spectrim in the centerof

the grid, shawn in Figure 4, shaws a ratio of raw radiarce
to refererreradiarce of closeto 1 in theranges~1300-1400,

~1800-1900, and ~2400-290. We will therefae visualize
the datafrom regions of the spectrun thatlie outsidethese
rangs. We chosefor our exampe the ranges 1500-1800,

200022, and220124@, which we assignedo the colors
red,greenandblue,respectiely. ThelPSdatawasconverted
into afalsecolorimageusinganimagecubethataveragedthe
radiarce valuesover the threerangesand compued the im-

age,shavnin Figure 5.

Thefalsecolorimageitself shavs severalinterestingeatures.
For exampe, it is evidert thatthe spectrunthatcorresponds
to the bottam-centepixel wasin shadav, sincetherewasnot

enowh illumination to produce a substantiaradiarce value
in ary of the threewavelengthrange. Further, the various

huesin theimageareindicative of lesseror greatersensore-

sponsén therangeghatareunder or overrepresented For

exame, the top-certer pixel hasa puiple hue,indicatinga

stronge respmsein thefirst (red) andthird (blue) rangesof

wavelendh that we choseto examine, while the centerleft

pixel appeas yellow, revealing a greaterespoisein thefirst

(red)andsecondgreen)rangescompaedto thethird. These
very differentrespoisesmay be attributedto thefacttheyel-

low resposelaysontherockandthepurpleresponsdayson

the soil behindit, atleastin part. This locationinformation
is apmrentwhenwe usedatafusionto overlay thefalsecolor

imageontothe Navcamimageof thistaget.

Figure 6 shaws the oveday of the imagein 5 on a (left)
Navcamimageof target soll-aaro. Here,we canseethat
someof the spectraveretargetedon therock, andsomelay
at leastpartially on the soil behindthe rock. Also, someof
the spectranearthe bottom were taken in shadov and are
lessusefulfor analysighanthosein the centerow wherethe
illumination wasmore favorable

The3D view shavnin 7 shavsadifferert viewpoint of solt

aaronwith theIPS dataoveraid asatexture mapontop of a
3D meshbuilt usingthe stereorangedatafrom the Navcam
imagepair. Here,it is more apparet that the top-let and
top-fight spectraveretakenon the soil behird therock Un-
fortunately thereis incomgeterange datato shov the entire
overlay of the top-center(purple) spectrumput we canstill

seethatit laysatleastin parton thesoil behird therock

6. SUMMARY

In future Mars plaretaryrover missions pointing spectrone-
terswill returnvolumesof spectrecoy data. This valuabie
sciencedatacanbequicKy andeffectively visualizedasuse-
ful information by using advarced visualizationtechniqies
suchasimagecubkesanddatafusion. Imagecubesprovide
superio visualizationover individual spectrunmplots by pre-
sentingspectraasimagesthat arereadily interpreed by hu-
mansandcanbe enfancedusing standardmageprocessing
algoritims. Datafusion allows missionplanrersto quicky
verify the pointing of spectrausingary co-registerednavi-



Figure7. 3D view of theFIDO rover andthe Navcamdatafor targe soll-aaro.

gatioral imagey thatis currently available. This will allow
themostcurrer spectroscopdatato directly influercerover
activity planring on evely dayof missionoperatims.

The visualizationwork docunentedhereinwill be imple-
mentedas part of the ScienceActivity Planning(SAP) soft-
wareto beusedduringthe 2008 MarsExplorationRover mis-
sion. Somefuturedirectiors of this work will include thefu-
sionof imagesfrom multiple camerason boad therover, as
well aswith orbitalimagey of therover's currert site.
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